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Available online 10 February 2016Understanding the responses of field crops such as soybean to climate warming is critical
for economic development and adaptive management of food security. A field warming
experiment was conducted using infrared heaters to investigate the responses of soybean
phenology, photosynthetic characteristics, and yield to climate warming in the North China
Plain. The results showed that 0.4 °C and 0.7 °C increases in soybean canopy air and soil
temperature advanced anthesis stage by 3.8 days and shortened the length of entire growth
stage by 4.5 days. Warming also decreased the leaf photosynthetic rate by 6.6% and 10.3% at
the anthesis and seed filling stages, respectively, but increased the leaf vapor pressure
deficit by 9.4%, 15.7%, and 14.1% at the anthesis, pod setting, and seed filling stages,
respectively. However, leaf soluble sugar and starch were decreased by 25.6% and 20.5%,
respectively, whereas stem soluble sugar was reduced by 12.2% at the anthesis stage under
experimental warming. The transportation amount of leaf soluble sugar and contribution
rate of transportation amount to seed weight were reduced by 58.2% and 7.7%, respectively,
under warming. As a result, warming significantly decreased 100-seed weight and soybean
yield by 20.8% and 45.0%, respectively. Our findings provide better mechanistic under-
standing of soybean yield response to climate warming and could be helpful for forecasting
soybean yield under future climate warming conditions.
© 2016 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Globalmean air temperature has increased by about 0.74 °C over
the last century and is predicted to increase by 1.1 to 6.4 °C by the
end of this century [1]. Changes in temperature have profoundly
affected crop growth, development, and yield. Most studies of
crops (such as wheat, rice, and maize) have found that climate
warming could affect crop phenology [2–4], spikelet sterility [5,6],6; fax: +86 371 23882029.
(L. Zhang).
Science Society of China a
ina and Institute of Crop
license (http://creativecomphotosynthesis and carbonmetabolism [7–10], yield, and quality
[11–15]. As the most widely grown legume, soybean is a major
source of plant protein and oil and has become an important
commodity crop in the word. Future demand for soybean will
continue to increase due to world population increase, dietary
change, and edible oil demand [16]. Better understanding of
responses of soybean growth and yield to climate warming will
facilitate strategy development for future food security.nd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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investigated mostly using crop models and historical data
analyses. For example, cropmodel studies have suggested that
soybean yield is negatively correlated with growing season
warming [12,17,18]. Empirical analysis has indicated that
warming could decrease soybean yield and that there is an
average of 17% reduction in soybean yield for every 1 °C rise in
temperature [19]. However, most studies using controlled
chambers and greenhouses have found that warming might
stimulate soybean yield in a certain temperature range [20] but
would reduce yield above the temperature threshold during
the seed filling stage [21,22]. Thus, responses of soybean yield
to warming remain elusive. Most studies have indicated
warming-induced increase and/or decrease in crop yield due
to changes in phenological stage [23,24] and leaf photosynthetic
characteristics [25,26], improvement in sources (leaf area and
photosynthesis), and changes in sinks size (number of flowers,
pods, seeds, and seed weight) [27,28]. Warming during repro-
ductive growth might also influence pollen or stigma viability,
pollen tube growth, and flower fertilization, finally leading to
changes in soybean yield [29]. These studies have shown that
the underlying mechanisms of warming effects on soybean
yield remain complex. It is thus imperative to characterize the
actual response of soybean yield to climate warming.
Soybean is one of the major crops in the North China Plain.
To date, no field warming experiment has been performed in
this region. A warming experiment with infrared heaters was
conducted to investigate the responses of soybean phenology,
photosynthetic characteristics, and yield to climate warming.
The main objectives of this study were 1) to determine the
extent to which warming affects soybean photosynthates and
yield and 2) to identify the mechanisms responsible for re-
duction in soybean yield under climate warming.2. Materials and methods
2.1. Study site
The study was conducted on the on-campus Research and
Educational Farm (34°49′N, 114°17′E, 73 m.a.s.l.) of Henan Uni-
versity, Kaifeng, Henan province, China, in 2013. The area has a
typical temperate arid climate. Mean annual air temperature is
14.3 °C, with monthly mean temperature ranging from −0.16 °C
in January to 27.2 °C in July in the past 60 years (1953–2013)
(temperature data were obtained from the Chinese Meteorolog-
ical Agency, http://cdc.cma.gov.cn/home.do). Mean annual pre-
cipitation is 627 mm, ofwhich 87.8% are distributed fromApril to
October. Soil parentmaterial and type are Yellow River sediment
and sandy loam, respectively, with 65.7 ± 0.15% sand, 14.1 ±
0.03% silt, and 20.30 ± 0.02% clay. The sandy loam soils contain
11.04 ± 0.16 g kg−1 soil organic carbon, 0.47 ±0.01 g kg−1 total
nitrogen, and 27.20 ± 1.21 mg kg−1 dissolved organic nitrogen.
Soil bulk density is 1.31 g cm−3 and soil pH is 8.66.
2.2. Experimental design and agronomic management
The field experiment used a complete randomized block design
with two treatments, including ambient temperature as a
control (C) and a diurnal warming treatment (W), replicated 6times per treatment. Twelve plots (3 × 4 m in each plot) were
arranged into three rows and four columns. There was
1 m-wide buffer zone between any two plots. In each warming
plot, an infrared radiator (165 × 15 cm, Kalglo Electronics,
Bethlehem, PA, USA) was suspended 2.25 m above the ground.
The heater for the warming treatment was set at a radiation
output of approximately 1600 W. This heater can provide about
10 m2warming areawith uniform and reliablewarming effects,
as reported in the previous study [30]. A dummy heater of the
same shape and size was used to mimic the shading effect of
the infrared heater in each control plot. The warming treat-
ment was begun on the sowing date and maintained until the
harvest date for anentire growing season. All plant samples and
field measurements were performed in the approximate 10 m2
area in each plot.
Soybean seed (cv. Zhonghuang 13) was obtained from a local
seed company and sown on June 1. After seedlings emerged in
5 days, plants were thinned to a density of 24 plants per m2.
Herbicides and pesticides were applied as necessary, following
local agronomic management practices. Irrigation was gener-
ally performed at the anthesis and seed filling stages according
to soybean growth demand. Soybeans were harvested on
October 6.
2.3. Field measurements
2.3.1. Temperature and moisture
Plant canopy air temperature (Tc) and soil temperature (Ts)
were measured with a thermocouple and recorded with
automatic data loggers, respectively (Ibutton, DS1922L-F50).
Two temperature sensors were placed at the center of each
plot. One sensor was positioned in the soybean canopy for air
temperature measurement and was gradually raised with the
soybean growth. The other sensor was buried 10 cm below the
soil surface for soil temperature measurement. The temper-
ature data were stored at 1 h intervals for the entire growing
stage. Soil moisture at the depth of 0–10 cm was measured
using TDR (this instrument was produced by Sentek Pty Ltd.,
Balmain, Australia), recorded 6 times per month from June to
October in each plot.
2.3.2. Soybean phenophase, biomass growth, and grain yield
The phenological stages of soybean include both vege-
tative (V1–Vn) and reproductive (R1–R8) development
stages. The dates of the developmental stages were record-
ed for each plot, based on the method of a previous study
[31]. The entire growing stages of soybean were divided into
pre-anthesis and post-anthesis stages. Anthesis, pod set-
ting, seed filling, and maturity stages were defined, respec-
tively, as the times when 50% of plants flowered, pods set,
seeds filled, and pods and leaves showed yellow color in
each plot.
At the harvest stage, five plant samples were taken
from each plot to measure aboveground biomass (AGB).
Soybean yield was determined by harvesting a 1 m2 area
from each plot by hand. The pod tissues were passed through
a thresher to separate the seeds, which were weighed to
obtain seed yield (SY). All plant samples were oven-dried at
65 °C for 24 h and weighed. The harvest index (HI) was
calculated as HI = SY/AGB.
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photosynthetic characteristics
At the anthesis, pod setting, and seed filling stages, the top
three unfolded leaves from three plants in each plot were
selected to measure leaf length and leaf width using a flexible
ruler. Leaf areas were evaluated using the equation (leaf
length × leaf width × 0.75) [32]. Estimates of the chlorophyll
content of the same leaves were determined with a chloro-
phyll meter (SPAD-502, Minolta, Osaka, Japan). Leaf vapor
pressure deficit (VPD), net photosynthetic rate (Pn), transpira-
tion rate (Tr), and stomatal conductance (Cond) of the same
leaves were measured with a Portable Photosynthesis System
(Li-Cor 6400, Li-Cor Inc., USA), and the photosynthetic mea-
surements were conducted at 1200 μmol m−2 s−1 radiation
intensity on clear mornings (at 09:00–11:00, 3–4 h after
sunrise). The mean of three measurements was used to
represent the corresponding parameter for each plot.
2.3.4. Accumulation and translocation of leaf and stem soluble
sugar and starch
The top three leaves and main stems of soybean were taken
from each plot by hand during anthesis and physiological
maturity (the end of seed filling) stages, respectively. Plant
samples were oven-dried at 65 °C for 24 h to measure
photosynthate concentration. Photosynthates including solu-
ble sugar and starch were measured by the anthrone method
using sucrose as the standard [10,33].
Based on these measurements, three parameters were
used to compare the translocation of photosynthates from
leaf and stem to seed between treatment and control plots,
defined as follows:
Photosynthate translocation amount (g per plant)=photo-
synthate amount at anthesis stage–photosynthate amount
at maturity stage.
Photosynthate translocation rate (%)=(photosynthate trans-
location amount/photosynthate amount at anthesis stage)×
100.
Contribution of photosynthate translocation amount to
grain weight (%)= (photosynthate translocation amount/
grain weight at maturity stage)×100 [8,32,34].
2.4. Statistical analysis
All statistical analyses were performed with SAS software
(Version 8.01; SAS Institute Inc., Cary, NC, USA). One-way
ANOVA was used to evaluate the effects of the experimental
treatment on measured variables. Differences were consid-
ered significant at the level of P < 0.05.3. Results
3.1. Temperature and moisture
During the entire growth season, mean plant Tc under
warming was 29.5 °C, with a range from 17.9 to 37.3 °C, 0.4 °C
(P < 0.05) higher than the control. Plant Tc tended to increase
from anthesis to pod setting stages, and then decreased until
the maturity stage (Fig. 1a). Mean Ts under warming was27.5 °C, with a range from 20.6 to 34.2 °C, 0.7 °C (P < 0.05)
higher than the control (Fig. 1b). Mean soil moisture under
warming was 7.2% (v/v), with a range from 3.1 to 16.6% (v/v),
and showed no significant difference from the control. Soil
moisture tended to decline from anthesis to maturity stages
(Fig. 1c). However, mean plant Tc and Ts were significantly
elevated under warming, and the response trends of plant Tc
and Tswere closely consistentwith those in the control during
the entire growth season. Thus, the infrared radiator was an
effective warming heater in the field experiment.
Warming increased the mean cumulative temperature by
38.8 and 44.2 °C (both P < 0.05) at the anthesis and pod setting
stages, respectively (Fig. 2a). However, daily mean maximum
temperature under warming was 1.8 and 1.6 °C (both P < 0.05)
higher than control at the seed filling and maturity stages,
respectively (Fig. 2b), and daily mean minimum temperature
under warming was 1.7 °C (P < 0.05) higher than control at the
anthesis stage (Fig. 2c).
3.2. Soybean phenophase, biomass, and grain yield
Warming advanced anthesis stage of soybean by 3.8 days
(P < 0.05) and shortened the length of whole growth stage by
4.5 days (P < 0.05). No marked change in the length of the
post-anthesis stage was observed (Table 1). Warming also
decreased seed yield by 45.0% (P < 0.05) and reduced the
harvest index by 41.0% (P < 0.05). Although warming de-
creased the 100-seed weight by 20.8% (P < 0.05), there were
no significant differences in other yield components (plants
per m2, pod number per plant, seed number per plant, and
seed weight per plant) between the warming and the control
treatments (Table 1).
3.3. Leaf area, chlorophyll content, VPD, and photosynthetic
rate
Warming decreased the flag leaf area of soybean by 8.4%
(P < 0.05) at the anthesis stage but did not affect flag leaf area
at the pod setting and seed filling stages (Fig. 3a). Warming
also reduced leaf chlorophyll content by 5.8% and 7.8% (both
P < 0.05) at the anthesis and seed filling stages, respectively
(Fig. 3b), but increased the leaf VPD by 9.4%, 15.7%, and 14.1%
(all P < 0.05) at the anthesis, pod setting, and seed filling
stages, respectively (Fig. 3c). However, leaf Pn was 6.6% and
10.3% (both P < 0.05) lower under warming than the control at
the anthesis and seed filling stages, respectively (Fig. 3d), but
leaf Tr was 7.3% (P < 0.05) higher under warming than the
control at the anthesis stage (Fig. 3e). In addition, warming
reduced leaf Cond by 18.8% and 18.4% (both P < 0.05) at the
anthesis and seed filling stages, respectively (Fig. 3f).
3.4. Accumulation and translocation of soluble sugar and
starch
At the anthesis stage, leaf soluble sugar and starch were
reduced by 25.6% and 20.5% (both P < 0.05), respectively,
under warming (Fig. 4a, b). Stem soluble sugar was decreased
by 12.2% (P < 0.05) under warming (Fig. 4c). In addition to
reducing soluble sugar and starch, warming decreased the
transportation amount of leaf soluble sugar and contribution
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Fig. 1 – Effects of warming on plant canopy air temperature (Tc), soil temperature (Ts), and soil moisture. Data are mean ± 1 SE.
C, control; W, warming. Dotted lines indicate the main phenological dates under warming and control treatments.
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7.7% (both P < 0.05), respectively (Fig. 5a, c). No significant
changes in transportation of stem soluble sugar to seed were
observed (Fig. 5d, e, f).4. Discussion
4.1. Effects of warming on soybean photosynthates
Better understanding of source–sink relationship and photo-
synthates allocation could be very helpful for studying
response mechanisms of crop yield. The growth of crop sink
organs can be limited either by photosynthate supply from
source leaves (source limitation) or by capacity of the sink to
utilize the photosynthates (sink limitation) [35–37]. Green
leaves of crops post-anthesis are the major sources of carbon
assimilates for grain filling, and more than half of carbohy-
drate accumulation in grain is derived from photosynthesis
post-anthesis [8,10,38]. In our study, warming decreased the
source size (flag leaf area) as well as source activity (leaf
photosynthetic rate) at the anthesis and seed filling stages
(Fig. 3a, d). As a result, both leaf and stem soluble sugar and
leaf starch were reduced (Fig. 4a, b, c). The transportationamount of leaf soluble sugar and contribution rate of trans-
portation amount to seed weight also decreased under
warming (Fig. 5a, c). This process finally led to reduction in
soybean yield (Table 1). Thus, source limitation under
warming can lead to a reduced sink (seed filling, seed yield).
Our findings confirm that source limitation plays an important
role in the formation of soybean yield.
Theoretical analysis has indicated that a large and strong
source (leaf area and photosynthesis) can contribute greatly to
sink formation and growth (seed number and seed weight)
[10,37]. By contrast, a weak source is not beneficial for sink
development. The negative impacts of warming on leaf area
and photosynthetic rate are in accord with warming-induced
inhibition of photosynthates accumulation of leaf and stem
and translocation to seed in our study. These findings were
consistent with the source–sink relationship theory. How-
ever, sinks may also affect source activity [10]. In our study,
warming-induced reduction in photosynthate translocation to
seed may also decrease leaf soluble sugar and starch con-
sumption, with consequent feedback to inhibit leaf photosyn-
thesis. This process may likewise lead to losses in soybean
yield. However, warming could affect seed yield of soybean
through improvement in sources (leaf area and photosynthe-
sis) and changes in sink size [27,28]. As a result, source–sink
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Table 1 – Effects of warming on length of phenological
stage, biomass production, seed yield, and yield
components of soybean.
Variable Control Warming
Pre-anthesis (days) 44.67 ± 1.48 a 40.83 ± 0.75 b
Post-anthesis (days) 74.83 ± 2.09 a 74.17 ± 1.14 a
Length of entire growth
stage (days)
119.50 ± 1.20 a 115.00 ± 1.37 b
Plant density (plant per m2) 22.33 ± 0.88 a 20.83 ± 0.60 a
Pod number per plant 76.87 ± 5.19 a 68.83 ± 3.88 a
Seed number per plant 44.03 ± 11.49 a 39.23 ± 13.90 a
Seed mass per plant (g) 9.60 ± 1.73 a 9.38 ± 1.08 a
100-seed weight (g) 15.02 ± 1.21 a 11.89 ± 0.30 b
Aboveground biomass (g m−2) 979.10 ± 44.60 a 895.79 ± 57.40 a
Yield (g m−2) 379.87 ± 3.04 a 209.09 ± 15.44 b
Harvest index (%) 0.39 ± 0.02 a 0.23 ± 0.01 b
Data are mean ± SE. Different letters in the same row indicate
significant difference at the 0.05 probability level.
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thate partitioning in soybean.
4.2. Effects of warming on soybean yield
The optimum temperatures for soybean are 15–22 °C at the
emergence stage, 20–25 °C at the flowering stage, and 15–22 °C
at the maturity stage [36]. Seed yield and yield formation of
soybean are frequently reduced by temperatures above approx-
imately 30 °C [22,39]. In the present study, mean air tempera-
tures ranged from 20 to 37 °C under warming from anthesis to
maturity stages (Fig. 1a), above the optimum temperature
ranges of soybean growth. Thus, warming was not beneficial
for soybean yield.
Shortened phenological stages could result in decreased
crop yield [2,23]. Alternatively, concomitant increases of tem-
perature and vapor pressure deficit may delay the flowering,
seed filling, and pod setting stages and also lead to a reduction
in soybean yield [25,27]. These studies indicate that changein phenological stage could affect soybean yield. However,
warming advanced the anthesis stage of soybean and short-
ened the length of entire growth stage (Table 1). Thus, the
negative effect ofwarming onsoybean yield inour studymaybe
explained by the advance of the anthesis stage, leading to an
encounter with heat and drought stress (at about 37 °C) at the
post-anthesis stageunderwarming.Moreover, the concomitant
increases of vapor pressure deficit and temperature could
exacerbate the drying effects on soybean growth and yield and
lead to reductions in photosynthetic rate and yield formation
(fertile pods, seed number, and seed size) [25]. In the present
study, warming increased leaf VPD at the anthesis, pod setting,
and filling stages and led to decreases in leaf photosynthetic
rates and yield (Table 1; Fig. 3c, d). In addition, the decreases in
100-seed weight and harvest index of soybean may have
contributed to yield reduction.
Yield formation of crop is derived from two sources: (1) leaf
photosynthesis post-anthesis and (2) translocation and allo-
cation of photosynthates from stem and sheath storage to
grain post-anthesis [35,36,38]. Our results showed that the
leaf photosynthetic rate of soybean declined rapidly at post-
anthesis and remained at a lower level at the seed filling stage
under warming (Fig. 3d). However, there was also lower leaf
photosynthate accumulation and translocation to seed from
flowering to maturity stages under warming (Fig. 4a, b; Fig. 5a,
c). These findings indicate that potential mechanisms of yield
reduction of soybean are both reduced leaf photosynthesis
and inhibited photosynthate allocation to seed at the post-
anthesis stage.5. Conclusion
In this field study, soybean yield in the North China Plain was
reduced under warming. The decrease in soybean yield could
be attributed to at least three factors: 1) warming advanced
anthesis stage of soybean and shortened the length of entire
growth stage. As a result, soybean had less time to grow,
develop, andmature; 2) warming decreased leaf photosynthetic
rate at the anthesis and seed filling stages and reduced soluble
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145T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 1 3 9 – 1 4 6sugar and starch in leaf and stem. Consequently, less biomass
was produced under warming; and 3) warming reduced
the transportation of leaf soluble sugars to seeds, reducing
the harvest index and 100-seed weight. These findings not
only improve our understanding of soybean yield response to
climate warming but also provide useful information for
developing more strategies (such as new variety breeding and
agronomic innovation) for adapting soybean yield to future
climate change.Acknowledgments
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